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Abstract It is shown that nonlinear interaction between two-level atom and the radiation field can profoundly modify the optical force 
experienced by the atom The dynamic stark shift now provides a cooling force even at zero detuning. Due to two-photon interaction the 'radiation 
pressure force' experienced by the atom is twice as large as that for one-photon case, consequently temperatures much lower than the one-photon 
limit can be achieved
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1 . Introduction
Recent advances in laser cooling of atoms have been attracting 
considerable attention during the past few years [ 1  ■■6 ]. 
Fundamental results demonstrate that it should be possible 
to probe concepts developed for condensed matter at totally 
different scales using optical lattices, where the defect free 
confining potential is created by light interference [7-9J. The 
realization of optical traps was made possible by techniques 
to laser cool neutral atoms to the temperature in the microkelvin 
range. A slowly moving atom in a low intensity standing laser 
light wave experiences a velocity dependent force. This 
radiation pressure' force can cool the atom for laser detunings 
to the red side of the atomic transition or heat the atom for 
blue detunings. At high intensities, the force changes sign and 
the effect is reversed. This cooling mechanism has been 
explained within the frame work of the dressed-atom model
[10] and equivalently as a result of photon recoil [11]. The 
recoil effect is small when a single photon is absorbed but 
can be effectively used for cooling of atoms by the cumulative 
effect of many absorbed photons, in a time long compared 
to the optical pumrping cycle. Nonlinear interaction {i.e. two 
photon absorption and emission) between two level atoms
and the radiation field has been shown to give rise to many 
interesting features. In view of the close connection between 
the number of photons absorbed and the cooling produced 
by photon recoil, effort has been made to examine the case 
of laser cooling of a two level atom by two photon transition 
In the following, the physical origin of the optical force on 
a two level atom due to two photon transition is described 
and then the model is presented followed by the method for 
calculating the force and then the modified force is compared 
to the force due to one photon transition. Finally, temperature 
limits for the two-photon case are discussed.
2. Calculation of force in two-photon scheme
We assume a two-level atom moving with a velocity v 
interacting with two laser beams and capable of going to the 
excited state by two photon absorption. In the reference 
frame of the moving atom the frequencies (o>i + of the 
two electromagnetic waves with wave vectors k\ and * 2  are 
Doppler shifted to
(fl>l +£U2) = ("I + ^2)“ (^^1 
As a result, a transfer of recoil momentum = ±h{k\ 
A2) takes place between the atom and the two fields.
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Where + sign refers to absorption of photon and the -  sign 
to emission of photon. If the absorption is followed by 
spontaneous emission, there is a net momentum transfer to 
the atom as the spontaneous emission in arbitrary direction 
gives no average contribution to the momentum As the atom 
experiences a momentum recoil upon each radiative event, 
the absorption force of the atom is given by
F'a rp a a  h(kx  “f k i \  (2)
where Tis the spontaneous emission rate and pi,a is the upper 
level population. The total change in kinetic energy is
(A£),„, -  (A£U -  - hv\k[  4 k{)  ^ hvXk{ 4- k[ ), (3)
where ' refers to emission process When the atom absorbs 
(emits) two photons from (into) the two counter-propagating 
waves of equal frequencies [(Ati -  kj) and (k\ ^ - k [ )  |, the 
doppler shift and the absorptive force vanishes and the total 
energy change is zero. If the atom absorbs two photons from 
one wave and emits two photons into the counter-propagating 
wave, it then acquires a momentum kick of 4 /7A, twice as 
large as that due to one photon case.
We now refer to the Two-photon two-levef model 
introduced by Sargent ct al [12], in which the transition 
between levels ‘a ’ and is nearly resonant, but is not dipole 
allowed (Figure I). The transitions from "a and to the 
intermediate state j  are dipole allowed but are sufficiently far
Figure 1. I'vvo-phoion two-levcl scheme
from resonance so that they acquire no appreciable population. 
The dynamic stark shifts of the level frequencies that ignored 
in the one-photon case now plays an important role in the two 
photon case. The optical Bloch equation (OBE) for a two 
photon two level atom are :
<T = - ycr + g D ,
D = r | ( - D + l ) - 2 [ g < T * + g V ] ,  
and the force equation is given by 
F - ih la V g  - erVg*].
(4a)
(4b)
(5 )
where y = Fi +/A', A' = <Uo -2(i) + 0) J ,  g = -
2 / , V 7 ^ ’ ' 2\k.a h
o)s is the stark shift parameter, I is the two photon dimensionless 
intensity, g is the two photon Rabi frequency, kah. kau. hh arc 
the two photon coefficients defined in reference [12], l/Ti 
is the population difference (D) decay time and l/A  is the 
Iwo-photon coherence decay time. We take F\ = 2Fi  ^F
In order to calculate the force acting on a slowly moving 
atom in a standing wave {k,v < F), the scmiclassical treatment 
of Gorden and Ashkin [13] is adopted. If we represent
V g ^ ( a  + /^ )g , (6)
where a and P are real, then the force equation expands to
F  -  aih(g*a -  ^cr*)  ^ h p (g \cr  + gcr*). (7)
Now, a moving atom under the inHuence of a monochromatic 
field E(xj) experiences a modified field, since
dE{xj) PE{x j)
dt ch
-\-{v.\/)E(xJ) ^ (H)
Consequently, g = v.(a4-///)g. This modifies the solution of 
cqs. (4a) and (4b). We can obtain an expression for the force 
accurate to first order in the velocity by taking the time 
derivative of the zero-order solutions ol eqs. (4a) and (4b), 
using g = v.(a  ^ ip)^ for an atom moving with a velocity v
and then using these first order results for a and D to re­
solve cq. (4) to first order in v. We find thus
cr =
(9a)
(9b)
where p ■
Ir l-
is the modified saturation
parameter. In this paper, we arc interested in the case of a 
pure standing wave. For this case, we have ^ ^  0 and for the 
two-photon case, a ^ -2k tan(2Ajr). We find after some 
algebra, the following expression of the force due to two- 
photon interaction.
atiA'p
(TTTT
[ r ' ^ ( \ - p ) - 2 p ^ \ y \ ^ \ v . a
n \ + p ? \ y ?
It is instructive to examine the expression of the force tor 
one-photon absorption [eq. (18) of Ref. 13]. The saturation 
parameter for the two-photon case is now dependent on the 
square of the laser intensity as compared to that for the one- 
photon case, where it is simply proportional to the intensity
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Another important modification of the force in the two- 
photon case is the term A' = qjq - .This term gives
rise to a force at zero detuning due to the stark shift 
parameter. The parameter a is now twice as large as that for 
one-photon case since the Rabi frequency (j^ ) is now 
proportional to the square of the electric field. Figure 2  
demonstrates the difference of the intensity dependence of 
the spatially averaged force for one-photon case (trace A) and 
two-photon case (trace B), showing that the force continues 
to cool the atom with laser intensity for two photon absorption 
while it saturates and changes sign to heat the atom in one- 
photon absorption. Figure 3 demonstrates the dependence of 
the force on the detuning parameter. Trace A shows thattwo-
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absorb two photons from one wave and emit two photons into 
the counter-propagating wave, thus acquiring a momentum 
kick twice as large as that for onc-photon case If the two- 
photons are absorbed out of the two light waves travelling 
in the opposite directions, then the first order doppler shift 
of the two-photon transition is zero. This means that in cq. 
(2 ) the force is independent of the atomic velocity and for 
A' > 0 generates a stable trap for an atom sitting on a gaussian 
beam by pulling it toward the beam focus. Since tlie probability 
for the latter case is twice as large as for the former case [II]. 
It is then suggested that to cool two-level atom via two- 
photon transition, the process should be repealed a number 
of times.
3. A ttainable tem perature lim it
Let us now turn to have an estimate of the equilibrium 
temperature attainable by the above two photon transition 
scheme. Because of the radiation pressure on the atom, the 
atomic velocity is damped, as if the atom were moving in a 
viscous medium. The velocity capture range Av of such a 
process is obviously determined by the natural width /"of the 
atomic excited state
k A v - r .  (11)
where k is the wave number of the laser wave. On the other 
hand, by studying the competition between laser cooling and 
diffusion heating introduced by the random nature of 
spontaneous emission, one finds that for two-level atoms, the 
lowest temperature 7}) that can be achieved by such a method 
is given by [14]
(12)
7'/) is called the Doppler limit. For broad atomic lines, the 
energy width of the excited state hr is large compared with
h^k-the recoil energy  ^ known
cooling limit for two-level atoms.
Ek ft 4 - 2 m (13)
The residual kinetic energy is of the order of h r  and it 
is large compared with the recoil energy The problem is to 
overcome this Doppler limit and to go well below 7'/), and 
even approach the recoil limit 7); given by
Hgure 3. The couling force a& a funclion of the detuning tacior - /', 
/ ^ l .V K  = 772 Trace A is two-photon case. Trace B is one-pholon case
photon intera'ction gives rise to a cooling for9 c even a zero 
detuning due to the dynamic stark shift. The two-photon 
interaction force is now twice as large as that for one-photon 
interaction. This is because the strength of the atom-field 
interaction is now dependent on the square of the electric 
field. Alternatively, in this process, the atom is assumed to
(14)
In 1988 this limit was overcome on laser cooled sodium 
atoms at low powers [15]. Much less work has been done to 
the problem of Doppler cooling with narrow atomic lines 
{Er^hr)> Wallis and Brtmer [16] did a study of laser 
cooling using a narrow atomic line. They obtained a minimum 
residual kinetic energy of the order of h r  well below the
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single line limit. The one (g(^o)i^) and two photon
Lorentzian lineshapc function for natural broadening are 
given as
r
(15)
g{(^)2p =
 ^ [ r ^ + ( q} - v)^]^
r
[/"^  v)2]
The above two eqs. (15) and (16) indicate that the excited 
state spectrum for two-photon transition is comparatively 
narrowed due to the dynamic stark shift. For our two-
photon case, we find that the recoil energy ^
= 4 -=—  for k\ = k2y l e. the two-photon recoil energy is 
Ztn
already four times as large as the one-photon recoil energy. 
Further, coupled with the fact that for the two-photon case 
the width of the excited state is much narrow than that for 
the one-photon case Efi. This can result in temperatures 
much lower than the Doppler limit imposed by the usual one- 
photon two-level theory.
We now turn to the problem of evaluating the equilibrium 
temperature in this new cooling scheme. We seek the value 
of the momentum diffusion constant Dp due to the quantum 
fluctuations of the force, which ultimately determines how 
long an atom stays in the trap. We then calculate the 
equilibrium temperature resulting from the competition 
between the cooling described above and the heating from 
momentum diffusion.
" a (17)
where a is the friction coefficient and is approximately for 
one-photon case given by [14]
a ------
r
(18)
ka^\p  “
A'
l + 256-^pi^sin^(2fcc)cos®(2fcc)j_ (2 I)
(16) where P6 - 2 |goP
1 +
and Po - g o p  -  (
0
2 | P
J
4 4 2  \
r 2  J -
For small excitations of the atom and in particularly for the 
standing wave case, the diffusion constant is given as [13]
(19)
witfi g = 2gcos(k,x), ^  = 0 , a  = -ktan(k.x) for a standing 
wave case. For the two-photon case, we need to replace k by 
2k, A by A'. The equilibrium temperatures for one and two- 
photon case we calculated as
I l + 256^p^sin^(fcr)cos‘’ (faf)j, (20)
An inspection of eqs. (2 0 ) and (21) leads to the important 
conclusion that at a given detuning, increasing the power 
increases the temperature for the one-photon case indefinitely 
but for the two-photon case, it initially increases and then 
decreases. Moreover, at a given power, using the two-photon 
scheme, much lower temperatures are attainable.
4. Conclusions
In conclusion, we have studied in this paper, a new laser­
cooling mechanism that is based on two-photon transition. 
This work demonstrates that two-photon interaction with a 
radiation field significantly enhances the radiation pressure 
force experienced by the atom. Further, the fact that for two- 
photon case, the width of the excited state is much narrow 
than that for the one-photon case, temperatures much lower 
than the one-photon limit is anticipated. In addition, results 
indicate that laser power in two-photon case is now no longer 
a limitation in attaining low temperatures. These results 
should stimulate additional experimental and theoretical 
research in order to establish their potential for laser cooling.
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